INTRODUCTION
Rosemary Rosemarinus officinalis L. is a well-known medicinal and essential oil plant that has been utilized by humankind for over thousands of years, and is mentioned in the Greek mythology and in the Bible. This plant has been used in folk medicines in Asia India, China , in the Mediterranean, and other regions, as well as in medicinal, culinary, and decorative products since ancient times 1, 2 .
For example, the Bulgarian traditional medicine has been using rosemary as brain-stimulating herb and as a mild sedative. Rosemary is prescribed to treat physical and nervous fatigue and is used widely as a biological insecticide against clothes moths 2 . Rosemary herbage is used in the preparation of various dishes. Rosemary extract and essential oil have been and continues to be used as the main constituent of various balsamic preparations for Traditionally, the essential oil of rosemary has been extracted via steam distillation as it is the easiest and the most economical method, although other extraction methods such as hydrodistillation 6, 7 , supercritical CO 2 extraction 8, 9 , and innovative hydrodiffusion and gravity MHG 10 also have been shown to hold promise. Microwave irradiation was also proposed as a useful pre-treatment to improve the conventional steam distillation of rosemary 11 . There is no agreement in the literature regarding the optimum time for steam distillation of rosemary biomass, and most of the reports have been utilizing 2-4 h duration. Comparing literature reports on rosemary oil yield and composition is difficult due to the various length of the distillation process utilized. It is not known how the duration of the steam distillation affects essential oil yield and essential oil composition, two parameters of importance for producers, processors and end users. Recent studies on plants from the same family as rosemary demonstrated that the duration of the DT may alter essential oil composition substantially, and in some cases alter the bioactivity of peppermint 12, 13 , Japanese cornmint 14 , oregano 15 , lavender 16 , and garden sage 17 . The hypothesis of this study was that the duration of the steam distillation time DT will significantly modify the essential oil yield and composition, and bioactivity of rosemary. To test the hypothesis, we designed a study with a specific objective of evaluating the duration of DT on rosemary essential oil yield, composition, and antioxidant activity and developing regression models that predict oil yield and composition at specific steam DT.
MATERIALS AND METHODS

Plant Material
Rosemary Rosmarinus officinalis L. seeds were kindly provided by Dr. Natasha Kovatcheva at the Research Institute for Roses and Medicinal Plants in Bulgaria. In March 2006, the rosemary seeds were sown in plastic cells filled with greenhouse growth medium Metromix 300, The Scotts Co., Marysville, OH . The rosemary transplants were produced in a controlled-environment greenhouse for 50 days, with a day temperature of 22 to 25 and a night temperature of 18 . The rosemary seedlings were fertilized once a week with a 1.8 g of 20-20-20 N-P 2 O 5 -K 2 O dissolved in 300 mL of water and applied to one tray containing 32 cells, and irrigated daily as needed. The rosemary plantation was established in June 2006, at the Mississippi State University, North Mississippi Research and Extension Center at Verona, MS 34 43 22 N and -88 43 22 W . The rosemary plots were in 4 replicates, as part of a randomized complete block design experiment that included over 30 different aromatic plant species. Only well-developed transplants around 12-cm height were used for transplanting in previously prepared raised beds covered with black plastic mulch. The land preparation was as described earlier for lavender and hyssop 18 . Briefly, a bed-shaping machine was used to form raised beds 15 cm height, 75 cm wide , the drip tape was placed in the middle of the bed at around 5-cm depth, under the plastic. The fertilizers 80 kg/ha of P 2 O, and 100 kg/ha of K 2 O, and N at 130 kg/ha were based on soil test results, and were applied prior to bed formation and incorporated by disking. The rosemary plantlets were transplanted in previously prepared holes in the plastic mulch, in two rows on each bed, in an offset manner, at 45-cm in-row and 30-cm between-row spacing.
Steam Distillation and Distillation Times DT
The distillation study experiments were conducted with fresh or dried rosemary biomass in the fall of 2010, using the biomass from the 3 replicates of a 5-year old, well-established rosemary plantation. Rosemary aboveground plant parts including stems, leaves, and flowers were used, the sample replicates correspond to the replicates in the field experiment. The study with the fresh rosemary biomass was conducted using freshly harvested biomass, which was distilled within 1 h, and for the dried material, the study was conducted with air-dried biomass, which was air-dried to a constant weight under a shade in a well-aerated barn, to avoid oil losses due to direct exposure to sun and high temperatures. Fresh 400 g or dried subsamples 250 g each were extracted via steam distillation in 2-L steam distillation units as described previously 19 . Eight distillation times DT; 1.25, 2.5, 5, 10, 20, 40, 80, and 160 min were used. The combinations of material and DT were randomized and replicated 3 times, giving a total of 48 runs. The beginning of each DT time was recorded at the moment when the first drop of essential oil dropped into the separator. At the end of each specific DT, the power was turned off; the bioflask was separated from the steam generator and from the separator. The oil and the water were eluted to a glass vial and put in a freezer. The following day, the oil was separated from the water, measured on analytical scale, and kept in the dark in a freezer. The rosemary essential oil yield for each replication was calculated as grams of oil per 100 g of fresh or dry rosemary biomass.
Gas Chromatography GC Analysis of the Rosemary Essential Oil
The 48 rosemary essential oil samples were analyzed for oil profile on a gas chromatograph Hewlett Packard 6890 GC . The carrier gas was helium, at 40 cm/sec, 11.7 psi 60 , 2.5 ml/min constant flow rate; the injection was split 60:1, 0.5 mL, the injector temperature was 220 , and the oven temperature program was as follows: 60 for 1 min, 10 /min to 250 . The GC was fitted with a HP-IN-NOWAX column cross-linked PEG; 30 m 0.32 mm 0.5 mm ; the flame ionization detector FID temperature was 275 . Individual peaks representing different oil constituents of rosemary oil were identified using internal standards for all the major constituents , by retention time and also using mass-spectroscopy.
Assays for
In Vitro Antimicrobial, Antileishmanial, and Antimalarial Activity, and Assay for Antioxidant Capacity Selected rosemary essential oils were screened for antimicrobial and antimalarial activities as described previously 20 . The antileishmanial activity in vitro on a culture of Leishmania donovani promastigotes was conducted as described previously 21 . The antimicrobial, antileishmanial, and antimalarial activity of rosemary oils were conducted at the National Center for Natural Products Research at the University of Mississippi. The antioxidant capacity of representative samples of rosemary oils from this study were tested for antioxidant activity using the ORAC oil method by Brunswick Laboratories Southborough, MA, USA as described previously 22 . As reported by the Brunswick Laboratories, the ORAC analyses provides a measure of the scavenging capacity of antioxidants against the peroxyl radical, which is one of the most common reactive oxygen species ROS found in the body. ORAC oil reflects oil antioxidant capacity. Vitamin E is used as the calibration standard and the ORAC results are expressed as micromole VE equivalent VE per liter . Primary screening for antimicrobial activity of rosemary essential oils from the two studies from the 160 min DT were tested against Candida albicans, Candida glabrata, Candida krusei, Aspergillus fumigatus, Cryptococcus neoformans, Staphylococus aureus, methicillin-resistant S. aureus, Escherichia coli, Pseudomonas aerogenosa, and Mycobacterium intracellulare, at a concentration of 50 mg/ml. The results showing inhibition were calculated as described previously 20 .
Statistical Analysis
The effect of material dry vs fresh and DT eight steam distillation times on oil content , and the concentration and yield mg/100 biomass of α-pinene, camphene, β-pinene, myrcene, eucalyptol, linalool, camphor, borneol, verbenone, bornyl acetate, and β-caryophyllene was determined using a two-factor factorial analysis of variance. For each response, the validity of model assumptions was verified by examining the residuals as described previously 23 .
For responses with significant material by DT interaction effect, multiple means comparison of the 16 combinations of material and DT was completed using the lsmeans statement of Proc GLM of SAS 24 that compares all possible pairs of the least squares means at the 1 level of significance to protect Type I experimentwise error rate from over inflation. However, when the interaction effect is not significant, but the main effects are significant, the corresponding means were compared at the 5 level of significance. The analysis was completed using the GLM Procedure of SAS 24 .
Nonlinear regression modeling to describe the relationships between DT and the concentrations and yields of the constituents was completed for dry and fresh materials separately. For dry material, the relationships between DT and the concentrations of α-pinene and camphene were adequately modelled by the Power model Eq. 1 . For dry material, the relationships between DT and the concentrat i o n s o f c a m p h o r, b o r n e o l , b o r n y l a c e t a t e , a n d β-caryophyllene, as well as the relationships between DT and the yields of linalool and β-caryophyllene were adequately modelled by the Asymptotic model Eq. 2 . For fresh material, the relationships between DT and oil content was described by the Asymptotic regression model Eq. 2 , and the relationship between DT and the concentrations of eucalyptol, bornyl acetate, and β-caryophyllene was adequately described by the Power regression model Eq. 1 . For fresh material, the relationships between DT and the yields of camphor, borneol, bornyl acetate, and β-caryophyllene were very well described by the MichaelisMenten model Eq. 3 . The parameters of these three nonlinear regression models Power, Asymptotic and MichaelisMenten were estimated iteratively using the NLIN Procedure of SAS 24 and the fitted models met all adequacy requirements 25 .
Where Y is the dependent response variable, X is the independent DT variable, and the error term ε is assumed to have normal distribution with constant variance. Validity of the normality, constant variance and independence assumptions on the error terms were verified by examining the residuals 25 .
RESULTS
The 51 constituents listed in Table 1 were identified in the rosemary oil from this study. However, we did statistical analysis of the 11 constituents that have the highest concentration in the total oil.
The Analysis of Variance results that show the significance of the main and interaction effects of material and DT are presented in Table 2 and Table 3 . Essential oil content was significantly affected by both material and DT, but the interaction effect was not significant Table 2 . Dry material gave higher 0.43 oil content Table 4 , and there was no increase in oil yield beyond 10 min DT Table Table 1 List of the 51 constituents identified in the rosemary oil from this study. Fig. 1 Interaction plot of the concentration of essential oil constituents (in % of total oil) of α-pinene, β-pinene, camphor, and bornyl acetate obtained from the combinations of the two materials and the eight distillation times. Within each plot, means sharing the same letter are not significantly different at the 1% level of significance.
5 . However, there was significant interaction effect on α-pinene, β-pinene, camphor, boryl acetate, and β-caryophyllene Table 2 concentrations suggesting that the differences in the means obtained from the different DTs are not uniform for fresh and dry materials. The highest concentration of α-pinene 30.4 ; Fig. 1 was obtained from dry material at 2.5 min DT, of β-pinene 4.13 ; Fig. 1 from fresh material at 2.5 min DT, of camphor 15.9 ; Fig. 1 from fresh material at 160 min DT, of boryl acetate 5.79 ; Fig. 1 from fresh material at 160 min DT, and of β-caryophyllene 3.51 ; Fig. 2 from dry material at 80 min DT.
Generally, the low boiling essential oil constituents α-pinene Fig. 1 , camphene Table 5 , β-pinene Fig. 1 , and eucalyptol 1,8-cineole; Table 5 were eluted early in the distillation process, resulting in their higher concentrations in the oils obtained at 1.25-2.5 min DT compared to the oils obtained later. Although camphene was not affected by material Table 2 , eucalyptol was significantly affected by material, and higher concentration 22.6 of the total oil was obtained from fresh biomass Table 4 .
Conversely, the concentration of higher boiling point oil constituents, camphor Fig. 1 , and borneol Table 5 were higher in the oils obtained at longer DT 80 or 160 min and lower in the oils obtained at the shorter DT 1.25 or 5 min . The concentration of the highest boiling constituent, verbenone was not significantly affected by DT Table 2 , but by material, with fresh material giving higher concentration 1.46 of the total oil; Table 4 . The concentrations of myrcene Table 2 and linalool with an overall mean of 2.78 ; Table 2 were not affected by the DT, but myrcene was affected by material, with dried material giving higher 4.79 of the total oil; Table 4 concentration. The yield of various constituents was calculated from the oil yield at any specific DT and the concentration of a given constituent in the oil, and it was expressed as mg of con- Fig. 2 Interaction plot of the concentration of β-caryophyllene (in % of total oil), and the yields (mg/100 biomass) of the essential oil constituents borneol, bornyl acetate, and β-caryophyllene obtained from the combinations of the two materials and the eight distillation times. Within each plot, means sharing the same letter are not significantly different at the 1% level of significance.
stituent per 100 g of rosemary biomass. As shown in Table  3 either material or DT affected the yields of all constituents except that of verbenone. Only the yields of borneol, boryl acetate, and β-caryophyllene were significantly affected by the interaction of material and DT Table 3 . The highest yield of borneol 17.97 mg; Fig. 2 , and of β-caryophyllene 13.57 mg; Fig. 2 were obtained from dry material at 40 min DT, and of bornyl acetate 18.85 mg; Fig.  2 was obtained from fresh material at 160 min DT. Generally, the yield of most constituents was low in the shorter DT 1.25 and 2.5 min and reached maximum at 10 min DT for α-pinene, camphene, β-pinene, myrcene, eucalyptol, camphor, and linalool , at 20 min for borneol , or at 40 min for bornyl acetate, and β-caryophyllene Table 6 , Fig. 2 . Regarding material, higher yield of α-pinene 101 mg , myrcene 20.1 mg , and linalool 12.2 was obtained from dry material and higher yield of β-pinene 12.3 mg was obtained from fresh material Table 7 .
The fitted nonlinear regression models shown in the plots of Fig. 3, Fig. 4 and Fig. 5 can be used to predict the concentrations and yields at any given DT. The Asymptotic regression model described the relationship between DT and essential oil content from fresh material Fig. 3 , the concentrations of camphor, borneol, bornyl acetate, β-caryophyllene from dry material Fig. 4 , and the yields of linalool and β-caryophyllene from dry material Fig. 5 , with the potential maximum values of 0.41 , 12.94 , 3.26 , 2.228 , 15.08 mg, and 14.58 mg respectively. The Michaelis-Menten nonlinear regression model was the most appropriate model for the yields of camphor, borneol, bornyl acetate, and β-caryophyllene from fresh material. The two parameters of this model are physically meaningful representing the long term maximum θ 1 and the DT required to reach half of the long term maximum θ 2 . Accordingly, the long term maximum yield of camphor, borneol, bornyl acetate, and β-caryophyllene from fresh material was 63.5, 14.42, 19.4, and 9.53 mg respectively. The DT needed to reach half of these maximum yields were 2.11, 3.71, 7.16, and 5.5 min respectively.
The Power model was the best nonlinear regression model to describe the relationship between DT and the concentration of eucalyptol, bornyl acetate, and β-caryophyllene from fresh material Fig. 3 , and the concentration of α-pinene, and camphene from dry material Fig. 4 . The relationships between DT and the other response variables were either not strong enough, or there was no pattern to develop an appropriate regression model. In this study, the antioxidant capacity of the rosemary oil using the ORAC oil method was 4,108 mmolVE/L. Rosemary oil antimicrobial activity from this study was screened against ten microorganisms and exhibited low inhibition against Candida krusei 14 inhibition , and negligible activity against Aspergillus fumigatus 2 , Cryptococcus neoformans 4 and Methicillin-resistant Staphylococcus aureus ATCC 33591 MRS 2 .
The antimicrobial activity of rosemary oil against the Table 7 Mean yield (mg/100 rosemary biomass) of α-pinene, β-pinene, myrcene, and linalool from dry and fresh materials. Means sharing the same letter are not significantly different at the 5% level of significance.
other organisms: Candida albicans, Candida glabrata, S. aureus, methicillin-resistant S. aureus, Escherichia coli, Pseudomonas aerogenosa, and Mycobacterium intracellulare was zero. Rosemary essential oil tested at a concentration of 15867 ng/mL did not show any antimalarial activity. Also, there was no significant antileishmanial activity for the rosemary oil tested at 80 ug/mL.
DISCUSSION
In this study, most of the oil from fresh or dried rosemary biomass was extracted in the first 20 min suggesting that there would not be yield advantage in extending the steam distillation time beyond 20 min. These findings are important, since the shorter DT may save significant amount of time and energy resources for the growers who have their own or co-op distillation facility , and for the essential oil industry. Previous reports used much longer steam distillation time, between 2 and 4 hours. For example, in one study, 2 h was reported as the optimal distillation time 26 .
Another study used 2 h hydrodistillation time to extract the essential oil from air-dried leaves of rosemary 7 , and third study used 3 h for hydrodistillation of rosemary 6 .
Furthermore, hydrodistillation method was compared with the innovative hydrodiffusion and gravity MHG methods for oil extraction from fresh rosemary leaves by using 3 h extraction time for the hydrodistillation method and 15 min for the MHG method 10 . In another study, an ultrasound-assisted dynamic extraction using ethanol method was compared with 3h steam distillation to extract oil from rosemary 27 . The authors reported that the ultrasound-assisted dynamic extraction method was 165-176 min shorter fewer minutes than the steam distillation used in the same study 27 . In another study, essential oil was extracted using 4 h of hydrodistillation 5 . Some authors did not report the time for the hydrodistillation of rosemary 28 .
This study demonstrated that the length of the DT could alter essential oil yield and composition of either fresh or dried rosemary. This result is logical because different oil constituents elute at different time points during the steam distillation process. The regression models developed for the steam distillation of either fresh or dried rosemary biomass may predict specific oil composition. The DT could folia Mill. 16 , peppermint Mentha piperita L. 12, 13 , and Japanese cornmint Mentha canadensis L. 14 .
The oil yield in this study from the dried materials was higher than that from the fresh material, due to difference in water content. In general, the rosemary oil yield in this study was similar to the oil content reported previously be used to obtain oil with a definite profile to meet the demands of specific markets. Other recent studies with crops from the same family, Lamiaceae, also have shown that the length of the DT can alter both yield and composition of garden sage Salvia officinalis L. 17 , oregano
Origanum vulgare L. 15 , lavender Lavandula angusti- Fig. 4 Plot of Distillation time vs concentration (%) of α-pinene, camphene, camphor, borneol, bornyl acetate, and β-caryophyllene from dry material along with the fitted (solid line) Power and Asymptotic nonlinear regression models.
ranging from 0.6 to 1.5 in fresh biomass 29 , and from 0.88 and 1.2 in fresh herbage 28 . The oil content in the latter reports was only in the leaves, a determination that explains the relatively high concentration. On the other hand, 4.1 oil content was reported in dried rosemary leaves 26 . It was also reported that oil content can vary between 1.3 and 3.0 in dry biomass, depending on the genotype and the harvesting stage 6 . In another study, oil content of 0.9-1.2 in fresh biomass was reported; however, the authors did not state the length of the hydrodistillation time, the plant parts used for distillation, or the phenological stage 28 .
The main oil constituents of rosemary in this study were α-pinene, eucalyptol, and camphor. Similar oil composition 13-15.5 α-pinene, 19-21 eucalyptol, 17-19 camphor of the total oil 6 , and 6-9.4 α-pinene, 35-56 eucalyptol 1.8 cineole, 9.3-12.6 camphor of the total oil 7 , was also reported.
Fig. 5
Plot of Distillation time vs. yields (mg/100 biomass) of linalool, and β-caryophyllene from dry material; and yields (mg/100 biomass) of camphor, borneol, bornyl acetate, and β-caryophyllene along with the fitted (solid line) from fresh material Asymptotic and Michaelis-Menten nonlinear regression models.
In a study with the effect of harvesting stages on oil content and composition, 9.7-12.5 α-pinene, 26 7 . However, the authors used different method and much higher concentration of rosemary oil for testing the antimicrobial activity 7 . In addition, the chemical profile of the rosemary oil in this study, although similar, was not the same as in previous studies. The specific ratio between different oil constituents are also thought to affect antimicrobial activity and antioxidant capacity of rosemary essential oil 6, 7, 28 .
Higher antioxidant activity of rosemary extract obtained at fruit maturation stage of the biomass was also reported 6 .
However, the results from the latter report are not comparable with the results in this study since the authors used different method, additionally; we report the antioxidant capacity of rosemary essential oil while the other authors 5, 6 , reported the antioxidant activity of distillation waste.
CONCLUSIONS
This study found optimal distillation time for high essential oil yield from fresh or dried rosemary biomass. The results demonstrated no oil yield advantage beyond 10-20 min DT.
The results from this study with fresh or dried rosemary biomass attested that the distillation time must be specified when reporting essential oil content and composition of rosemary; otherwise, the results would not be comparable to those of other reports. The DT could be used as inexpensive tool to alter essential oil composition of the essential oil from fresh or dried rosemary biomass, and to produce rosemary oils with elevated or lowered concentration of specific targeted oil constituents to meet specific market demands. The regression models developed in this study can be used to predict rosemary essential oil profile at different DT, and possibly, to compare literature reports in which different duration of the steam distillation was used.
